Adsorption of the gold-thiosulfate complex ion (AuðS 2 O 3 Þ 3À 2 ) on silver ferrocyanide (AgFC)-impregnated activated carbon in aqueous solution has been studied in order to find an effectual adsorbent for the thiosulfate extracting gold from ores. This study was performed using AgFCimpregnated activated carbon (AC-Ag-R-FC: AC: activated carbon, Ag: silver nitrate, R: heating, FC: potassium ferrocyanide) and an artificial aqueous solution of AuðS 2 O 3 Þ 3À 2 . Gold-thiosulfate complex adsorption kinetics and isotherm studies were carried out at pH ¼ 9.0 on modified materials. It has been also found that the adsorption fits the intraparticle diffusion and Freundlich isotherm well. In order to understand the adsorption mechanism, raw and modified materials were characterized by N 2 adsorption-desorption measurements at 77 K, scanning electron microscopy and X-ray photoelectron spectroscopy. The maximum adsorption capability of AuðS 2 O 3 Þ 3À 2 on AC-Ag-R-FC is 3.55 kgt
Introduction
Activated carbons (ACs) are highly porous carbonaceous materials that possess a unique set of properties: a well-developed reproducible microporous structure, a large internal surface area, a high degree of surface reactivity, and an adsorption capacity that makes them effective and versatile adsorbents (Hu et al., 2000; Lee et al., 2006; Poinern et al., 2011) . In the gold hydrometallurgy industry, AC is used for the adsorption of Au(I) in the form of AuðCNÞ À 2 ions that are present in the cyanide leach liquors that normally contain approximately 10 mgl À1 of Au(I). There are two AC-based technologies that are widely used in the gold industry, and 80% of the gold production in the world employs one of these methods. The first is the carbon-in-pulp (CIP) process, and the second is the carbonin-leach (CIL) process. The gold mining industry has used AC to extract gold (Au) from crushed ore for many years to maximize extraction rates and hence reduce processing costs. However, due to mounting environmental concerns (such as the leakage of sodium cyanide in the Tianjin explosion accident in China) and unresolved practical difficulties in using cyanide to extract gold from copper-gold, refractory, and carbonaceous ores, the thiosulfate system has been widely accepted by researchers around the world over the last three decades as a potential alternative lixiviant for the leaching and recovery of gold (Abbruzzese et al., 1995; Fotoohi and Mercier, 2014; Zipperian et al., 1988) . Jeffrey et al. (2003) and Lam and Dreisinger (2003) showed that it is essential to maintaining adequate copper(II), ammonia, and thiosulfate concentrations and thus a higher oxidation rate of gold dissolution. A possible mechanism for the leaching reaction has been proposed as The thiosulfate system extracts gold from carbonaceous ores; however, the goldthiosulfate complex does not effectively adsorb onto AC. This renders the widely accepted CIP or CIL technology useless for the thiosulfate system (Zhang and Dreisinger, 2002) . Early research also confirmed that AC (in its pristine form) does not adsorb the goldthiosulfate complex. Mohansingh (2000) studied the adsorption of gold onto AC by varying parameters and varying the concentration of different species in solution and found that gold from copper-ammonium-thiosulfate solution did not adsorb well onto AC and the maximum adsorption capability of gold on AC was 0.267 kgt À1 AC by calculation. Kononova et al. (2001) also studied sorption recovery of gold from thiosulfate solutions with a concentration of 9.5-17.9 mgl À1 after leaching of products. The maximum recovery percentage of gold on AC was 16.9%, possibly because of the high anionic charge of the thiosulfate complex and the bulkiness of the thiosulfate ions compared to gold cyanide. Yu et al. (2015) fabricated AC impregnated with cupric ferrocyanide species to recover the gold from thiosulfate solution. However, the whole adsorption capacity was lower and the adsorption mechanism is not clear, which is not ideal for commercial applications. In this paper, adsorption of the gold-thiosulfate complex ion (AuðS 2 O 3 Þ 3À 2 ) on silver ferrocyanide (AgFC)-impregnated AC in aqueous solution has been studied in order to find a effectual adsorbent for the gold thiosulfate process for extracting gold from ores and make adsorption mechanism clear.
Experimental Materials
The silver ferrocyanide-impregnated AC used in this work, AC-Ag-R-FC (AC: activated carbon, Ag: silver nitrate, R: heating, FC: potassium ferrocyanide), was prepared in our laboratory. The details of the preparation of this adsorbent have been described later. A commercial coconut shell AC was also used in this work for the adsorption of AuðS 2 O 3 Þ 3À 2 ) in aqueous solution, in order to compare the AC-Ag-R-FC with conventional AC.
The reagents of sodium thiosulfate (Na 2 S 2 O 3 ) for the preparation of the complex ion AuðS 2 O 3 Þ 3À 2 ) solution, sodium hydroxide (NaOH), and hydrochloric acid (HCl) for adjusting pH, used in this work, were of analytic grade. A standard gold powder from the Shanghai Reagent Company in China with 99.999% purity was used to prepare the complex ion AuðS 2 O 3 Þ 3À 2 ) solution. The water used in this work was deionized water. Other reagents used were of analytic grade.
Methods
Preparation of AC (AC-Ag-R-FC-modification). There grams of adsorbent were placed in a 50 ml beaker with 20 ml of 1-100 m mol l À1 AgNO 3 solution prepared with deionized water. A period of impregnation, the supernatant silver solution was decantation. The resulting particles were washed eight times with deionized water and separated by filter, then put in the crucible, roast for 2 h in muffle furnace under 900 C. Here, we designated this AC treated with a silver solution as AC-Ag-R.
Then, 1-20 m mol l À1 K 4 FeðCNÞ 6 solution prepared with deionized water was placed in the beaker of AC-Ag and allowed to stand for 1-4 h at ambient temperature. The particles obtained were washed with deionized water and separated by decantation. This process was repeated several times. The precipitate was allowed to dry for 12 h at 106 C in air. Here, we designated this AC treated with a silver solution as AC-Ag-R-FC. Two reactions may occur on the AC as following equation (Bellomo, 1970) onto AC-Ag-R-FC from AuðS 2 O 3 Þ 3À 2 solution were carried out by the following procedure. First, 1 g of AC-Ag-R-FC or other adsorbents were added to a conical flask that had already been filled with 100 ml of AuðS 2 O 3 Þ 3À 2 solution at a given initial gold concentration. Then, the conical flask was put into a water bath in order to have a constant temperature of 25 C throughout the adsorption with mechanical agitation. At 24 h, part of the solution was withdrawn for the chemical analysis of gold concentration using a PE AA300 atomic absorption spectrophotometer. The recovery percentage of gold adsorption onto the AC was calculated on the basis of the expression
where R is the recovery percentage of gold on AC and c 0 and c t are the gold concentration in the AuðS 2 O 3 Þ 3À 2 solution at 0 (initial) and t time, respectively.
pH. The effects of variable pH on adsorbent performance was conducted with 1.0 g of each adsorbent added to 100.00 ml of 10 mgl À1 AuðS 2 O 3 Þ 3À 2 solutions. The variable pH solutions were prepared by adding dilute NaOH or HCl dropwise to achieve pH values of 5.0-11.0. Bottles were shaken at 200 r min À1 for 24 h at an ambient temperature.
Point of zero charge (PZC) measurements. The pH pzc (pH value at which the surface has a zero net charge) was determined by the so-called pH drift method (Guedidi et al., 2013) . The pH of deoxygenized NaCl aqueous solutions (50 ml at 0.01 mol l À1 ) was adjusted to successive initial values between 2 and 12 by adding either 0.1 mol l À1 HCl or NaOH. Suspensions were prepared by adding AC (0.15 g) to each solution. After stirring for 48 h under N 2 , the final pH was measured and plotted versus the initial pH. The pH pzc was determined to be the value at which pH final ¼ pH initial .
Apparatus
Chemical analysis. AAS-300 (PerkinElmer, USA) atomic absorption spectrometry with deuterium background corrector and hollow cathode lamp was used. The operating conditions were as follows: Au: wavelength, 328.07 nm; slit width, 2.71 nm; lamp current, 10 mA; Ag: wavelength, 328.1 nm; slit width, 1.3 nm; lamp current, 10 mA.
Morphology. Scanning electron microscopy (SEM) was used to characterize the morphology. Samples were deposited on graphite plates and examined by a LEO 1530 electron microscope.
The surface area and porosity properties of the absorbents were determined by nitrogen (N 2 ) adsorption-desorption at À196 C (77K) with a relative pressure (P/P o ) using an automated gas sorption system (Autosorb-1MP, Quantachrome Ins, USA). The Brunauer-Emmett-Teller (BET) surface area, cumulative pore volume, and average pore width were obtained from the N 2 adsorption isotherms. The pore size distribution (PSD) was analyzed by using the nonlocal density functional theory (Zheng et al., 2014) . The cumulative pore volume was calculated by measuring the amount of N 2 adsorbed at a relative pressure of 0.964 (Cesano et al., 2012) .
X-ray photoelectron spectroscopy (XPS). XPS measurements were performed using a ULVAC-PHI Inc. XPS instrument. This system used a focused monochromatic Al-Ka X-ray source for analysis. Initially, a survey scan identified all the detectable elements, through a high generation energy and a short dwell time (Boudou et al., 2003) . Next, the instrument conducted narrower and more detailed scans of selected peaks, so as to quantify chemical state information with a low generation energy and a long dwell time. XPS data have provided information on the surface chemical nature of the functional groups through analysis of the C 1s, N 1s, O 1s, Fe 2p, S 2p, Ag 3d, and Au 4f spectra. After baseline subtraction, the curve fitting was performed assuming a mixed Gaussian-Lorentzian peak shape (the ratio of Gaussian to Lorentzian form was equal to 0.3). The C 1s electron binding energy corresponding to graphitic carbon was referenced at 284.8 eV for the calibration (Guedidi et al., 2013) .
Results and discussion
The preparation of AC Through preliminary exploration experiments that design a typical synthesis, 3 g AC was placed in 20 m mol l À1 AgNO 3 solution for 2 h, placed in a crucible, and heated for 2 h in a muffle furnace at 900 C. Subsequently, AC-Ag was placed in 50 m mol l À1 K 4 FeðCNÞ 6 solution prepared with deionized water and allowed to stand for 3 h at ambient temperature. The particles were dried for 12 h at 106 C in air. We designated this AC as AC-Ag-R-FC. This material enables the fast adsorption of AuðS 2 O 3 Þ 3À 2 on AC in an aqueous solution under mild conditions (50 C). (For more information about modified process you can refer to Yu et al. (2015) ).
To compare the effects on gold adsorption of AC with different degrees of modification, we designed five different modification processes: AC-Ag, AC-Ag-R, AC-Ag-R-FC, AC-AgFC, AC-FC (AC: activated carbon, Ag: silver nitrate, R: heating, FC: potassium ferrocyanide). From Figure 1 , the results of these experiments show that the recovery rate of gold on the carbon in AC-Ag-R-FC was the highest (up to 70.89%). The AC treated with AgNO 3 or K 4 FeðCNÞ 6 alone did not affect the recovery of gold from solution. However, AC-Ag and AC-AgFC both possess the ability to partially absorb the gold-thiosulfate complex, which indicates that the process of heating can significantly improve the recovery percentage of gold.
Characterization of ACs
Figures 2 and 3 show the N 2 adsorption-desorption isotherms and PSDs of carbon samples, respectively. Surface area and pore volume properties are summarized in Table 1 . From the N 2 isotherms (Figure 3) , it is evident that the different processing approaches do not affect the isotherm shape; they are typical of microporous-mesoporous adsorbents (type I and IV in the IUPAC classification) with a hysteresis loop (H4 types) in the desorption branch at relative pressure ratios of approximately 0.5. According to the classification of the IUPAC, the diameter of adsorbent pores is as follows: less than 2 nm is micropores, between 2 and 50 nm is mesopores, and more than 50 nm is macropores (Njoku and Hameed, 2011) . The average pore width of the absorbents was found to be approximately 2.8 nm (Table 1) , which indicates mesoporosity. The PSD of the absorbents displayed in Figure 3 indicates that most of the pores are in the micropore and mesopore range. The N 2 isotherms at 77 K exhibited a considerable decrease of the BET surface area ( ( Figure 4 ), the decrease in the specific surface areas after modification was related to reagent deposition on the surface of AC or pore collapse. Additionally, the specific surface area of heated AC is larger than that observed for other types of sorbents. As shown in Table 1 , heating can increase both the average pore diameter of the AC and the specific surface area. Figure 4 illustrates the exposed porosity and surface morphology as measured by SEM. SEM images of AC, AC-Ag-R-FC, and AC-Ag-R-FC-Au show that the pores of AC-Ag-R-FC collapse and deposit particles of native silver (Ag) and Ag 4 FeðCNÞ 6 (confirmed by XPS) on the surface; after adsorption of the gold-thiosulfate complex, some of the substances that consisted of gold complexes and other compounds (confirmed by XPS) are still deposited on the surface of AC-Ag-R-FC. 
Adsorption tests
Effects of the pH in artificial aqueous solution. As can be observed from the results shown in Figure 5 (a), the pH variation affected gold adsorption (i.e. the recovery percentage of gold was severely promoted at the lower pH values) and then started to level off at pH ! 7.0. Figure 5 (b) shows that the pH zpc value of 7.25 was obtained for AC-Ag-R-FC, so that for pH values lower than pH pzc , the adsorbent presented a positive surface charge that promoted the adsorption of AuðS 2 O 3 Þ 3À 2 . This behavior explains the high adsorption capacity of the adsorbent for AuðS 2 O 3 Þ 3À 2 at pH 5.0 (Guedidi et al., 2013; Radovic et al., 1997) . Additionally, the final pH values of the adsorbate solutions always reached 8.5 regardless of the initial pH value of the solution (see the inset in Figure 5(a) ). We demonstrate the phenomenon as follows.
Effect of gold concentration and temperature. We performed experiments at different temperatures and initial gold concentration with the purpose of determining the adsorption capacity of AC-Ag-R-FC for AuðS 2 O 3 Þ 3À 2 . As can be observed from Figure 6 , the initial gold concentration and temperature have a significant influence on the adsorption of gold. It is clear that the higher the initial concentration of gold is the lower the recovery percentage will be. However, the adsorption capacity of gold increased as the initial gold concentration or temperature increased. This result can be understood by assuming that an adsorption equilibrium exists between AC and the solution and that this equilibrium was influenced by variations in temperature and the initial gold concentration. In particular, the adsorption capacity of gold increased as the initial gold concentration or temperature increased. The adsorption capability of AuðS 2 O 3 Þ 3À 2 on AC-Ag-R-FC was 3.55 kgt À1 in 100 mgl À1 gold at 50 C.
Adsorption isotherm
To examine the relationship between adsorbed (q e ) and aqueous concentration (c e ) at equilibrium, sorption isotherm models are widely employed for fitting the data, of which Langmuir and Freundlich equations are most widely used. The Langmuir model supposes that adsorbate substances was monolayer adsorption, and no interaction between adsorbed substances on homogeneous surface (Gonen et al., 2004 concentrations were varied while the adsorbate for both samples was kept constant, were conducted with the equilibrium duration of 24h.
Each Adsorption isotherm testing was implemented after 1.0 g of AC-Ag-R-FC was added into 100 ml of solution, which contains 20, 30, 50, and 100 mgl À1 of AuðS 2 O 3 Þ 3À 2 , respectively. Adsorption isotherm data were fitted to Langmuir model and Freundlich model as shown below, where c e is the AuðS 2 O 3 Þ 3À 2 concentration at equilibrium, q e is the amount adsorbed at equilibrium, q max and b are constants, q max is the maximum adsorption capacity, and k is the adsorption constant (Njoku and Hameed, 2011) Figure 7 shows the plots of 1/c versus 1/q e for the AuðS 2 O 3 Þ 3À 2 adsorption isotherm. From the slope and intercept of the correlation line, q max and b were calculated to be shown in Table 2 adsorption isotherm to the Freundlich model. From the slope and intercept of the correlation line, n and k were calculated to be shown in Table 2 monolayer physical adsorption but multimolecular chemical adsorption. As noted in Table  2 , the values of n in Freundlich model suggested the adsorption of AuðS 2 O 3 Þ 3À 2 on AC-Ag-R-FC was an easily adsorption process.
Adsorption kinetics
Adsorption kinetics can provide valuable information about the reaction pathways and mechanism of the reactions. Pseudo-first-order, pseudo-second-order models, and the intraparticular diffusion model were tested for their abilities to describe the process of AuðS 2 O 3 Þ 3À 2 adsorption (Al-Othman et al., 2012; Duranog˘lu et al., 2012) Pseudo-first-order kinetic model : log q e À q t ð Þ¼log q e À k 1 2:303 t ð7Þ
Pseudo-second-order kinetic model :
The intraparticular diffusion model :
where q e and q t are AuðS 2 O 3 Þ 3À 2 adsorption at equilibrium and time t; k 1 , k 2 , and k p are adsorption rate constants; and c is the intercept (mg g À1 ). concentrations of 20, 30, 50, 100 mgl À1 under 30 C, respectively. Table 3 shows the kinetic model parameters which indicated that intraparticle diffusion model was more suitable for adsorption kinetics compared to pseudo-first-order kinetic model or pseudo-second-order kinetic model. The maximum adsorption capacity of gold on AC-Ag-R-FC was 4.608 kgt À1 at temperature of 50 C according to pseudo-second-order kinetic model. Generally, the intraparticle diffusion models possess two lines that attributed to phenomena such as initial surface adsorption and subsequent intraparticle diffusion. It was reported that sole limiting step of intraparticle diffusion needs respective plot of q t versus t 1/2 pass through the origin (C value to be zero) (Ghaedi et al., 2013) . The values of C (intercept) highly depend on the amount of adsorbent and initial gold concentration. Figure 9 and Table 3 (the values of C) suggested the linear portion of the curve does not pass through the origin. It may be concluded that the adsorption mechanism of this adsorbate is a rather complex process and that the intraparticle diffusion was not the only rate-controlling step (Al-Othman et al., 2012) .
Adsorption mechanism
To understand the adsorption mechanism, surface chemical groups of the AC were also characterized by XPS. Figure 10 presents the C 1s, N 1s, O 1s, Fe 2p, Ag 3d, S 2p, and Au 4f spectra of treated AC before and after adsorption of the gold-thiosulfate complex. Deconvolution of the C 1s, N 1s, O 1s, Fe 2p, Ag 3d, S 2p, and Au 4f spectra resulted in several peaks as shown in Figure 10 and the signal attribution shown in Table 4 .
As shown in Figure 10 and Table 4 , comparison of the XPS core-level detailed scans of carbon before and after use in the solution showed that the spectra of C 1s, N 1s, and Fe 2p were altered and that the energy increased; this may be caused by the transformation of FeðCNÞ 4À 6 into FeðCNÞ 3À 6 . In regards to Ag 3d, one of the spectrum peaks (366.7 eV, which was attributed to the Ag þ ) disappeared and shifted to zero valence silver. The reasons for the disappearance of Ag þ peaks may be that the silver ion transfer into the solution or the silver ion concentration adsorbed on AC is lower not to be detected. This result suggested that oxidation/reduction occurred during the process of adsorption. Harish et al. (2011) reported that a redox reaction occurs between gold(III) chloride and potassium hexacyanoferrate(II) leading to the formation of a charge transfer band and the conversion of hexacyanoferrate(II) to hexacyanoferrate(III) (as evidenced by the emergence of new absorption peaks in UV-Vis spectra) and that the Au complex may be , which is not feasible via a simple chemical or electrochemical reaction (Machado et al., 2011) . In the adsorption process at lower pH (pH < 7.2), Ag 4 FeðCNÞ 6 and AuðS 2 O 3 Þ 3À 2 possibly form intermediate KFe x ½AuðCNÞ 2 y and are then spontaneously reduced to Au(0), as indicated by the spectrum of Au 4f. According to equations (10) and (11), the production of hydroxyl caused the final pH values of the solution to be as high as 8.5. Burdinski and Blees (2007) complex ions disproportionately occur on the surface of alumina and that Au(0) and Au(III) species (½AuCl 4Àn OH n À ) should be formed. The ½AuCl 4Àn OH n À complex ion has a large oxidation power and Au(III) species are spontaneously reduced to Au(0) due to a change in structure by the formation of an AgÀOÀAu bond (Burdinski and Blees, 2007) . As a result, once AuðS 2 O 3 Þ 3À 2 complex ions disproportionately exist on the surface of ACAg-R-FC, they are all converted to Au(0), as described by equations (11) 
In equations (10) and (11), x ¼ 1, y ¼ 3. The chloride ion of equations (12) and (13) which acted as catalytic is from the preparation of gold-thiosulfate complex. 
